The pathway of pyrimidine biosynthesis in Pseudomonas aeruginosa has been shown to be the same as in other bacteria. Twenty-seven mutants requiring uracil for growth were isolated and the mutant lesions were identified. Mutants lacking either dihydroorotic acid dehydrogenase, orotidine monophosphate pyrophosphorylase, orotidine monophosphate decarboxylase, or aspartic transcarbamylase were isolated; none lacking dihydroorotase were found. By using transduction and conjugation, four genes affecting pyrimidine biosynthetic enzymes have been identified and shown to be unlinked to each other. The linkage of pyrB to met-28 and ilv-2 was shown by cotransduction. Repression by uracil alone or by broth could not be demonstrated for any enzymes of this pathway, in contrast to the situation in Escherichia coli and Serratia marcescens. In addition, derepression of these enzymes could not be demonstrated. A low level of feedback inhibition of aspartic transcarbamylase was found to occur. It is suggested that the control of such constitutive biosynthetic enzymes in P. aeruginosa may be related to the comprehensive metabolic activities of this organism.
It is known that the arrangement of genes in bacteria can have a significance for the control of gene products. In particular, the operon concept relates the contiguous arrangement of structural genes to their transcription and control by regulatory genes. This contiguous arrangement is by no means universal, and both clustered and unclustered arrangements are found in Escherichia coli. Already, 10 operons have been mapped in E. coli (18) , and undoubtedly more remain to be identified.
Such an arrangement does not seem to be universal among bacteria, and variations on this theme are important to our complete understanding of enzyme control mechanisms. The metabolic behavior of Pseudomonas is different in a variety of ways from that of E. coli. Furthermore, mapping of Pseudomonas has not revealed to date any evidence of the gene clustering necessary for the typical operon structure, and, when the same pathways have been mapped in both bacteria, the gene arrangement in P. aeruginosa has been found to be quite different. In no case examined to date is there clustering of all the genes of any one pathway. Instead, there appear to be aggregations of two or three genes, but these aggregations are not linked to each other and appear to be widely distributed over the chromosome.
In three of the studied pathways, there appears to be a mixture of clustered and unclustered genes [isoleucine plus valine (15) , tryptophan (6) , and histidine (13) ]. Pathways in which all the genes are contiguous and have been shown to have an operon structure in E. coli, e.g., leucine or tryptophan, clearly have a different gene arrangement in P. aeruginosa.
Pseudomonas is known to possess synthetic and degradative abilities not found in E. coli. The ability to use a wide variety of substrates as carbon and nitrogen sources (17) is well-documented, and a clearer understanding of the genetic basis of these properties is needed. The different arrangement of genes on the chromosome immediately raises the question whether the genetic regulation of biosynthesis and metabolism is the same in P. aeruginosa as in other bacteria. Crawford and Gunsalus (3) have shown for P. putida that, unlike E. coli, not all the sequential steps in the biosynthesis of tryptophan are regulated by end-product repression. A combined genetic and enzymatic analysis (2) has shown that there are three linked loci controlling anthranilate synthetase, phosphoribosyl trans-ferase, and indoleglycerol phosphate synthetase. These have all shown coordinate repression by tryptophan. The locus for phosphoribosyl anthranilic isomerase (PRAI) is unlinked to any of these three, or to the two linked loci for the A and B subunits of tryptophan synthase. PRAI does not show end-product repression and tryptophan synthase A and tryptophan synthase B show control by substrate induction. The further understanding of these different patterns of genetic control can only come from the detailed study of a variety of pathways in several organisms.
We have selected the pyrimidine pathway to further examine the question of the relation of gene distribution and control mechanism in P. aeruginosa. It has been previously shown that all six of the enzymes in the pyrimidine pathway of E. coli are subject to regulation (1) . Four of the enzymes involved, dihydroorotase, dihydroorotic acid dehydrogenase, orotidine monophosphate pyrophosphorylase, and orotidine monophosphate decarboxylase, were shown to be coordinately repressed. Initially, all four genes controlling these enzymes were thought to be closely linked, but further work has shown that only two, pyrC dihydroorotase and pyrD dihydroorotic acid dehydrogenase, are apparently contiguous, the remaining genes all being unlinked to each other or to pyrC or pyrD (18) .
MATERIALS AND MErHoDs
Bacteria. All mutant strains were derived from P. aeruginosa PAO1. The list of uracil-requiring mutants examined is shown in Table 1 , together with other strains used in this work.
Bacteriophage. Transduction studies were made with F116 (6). The virulent phage E79 was used in the interrupted mating technique, by using the technique previously described (19) .
Media. Minimal medium (MM) was that of Vogel and Bonner (20) (22) . Development of the color response to carbamyl aspartic acid was carried out as described by Yates and Pardee, except that the color was allowed to develop at room temperature and the optical density was read 30 min after the addition of potassium persulphate (OD 560 nm = 0.36 for 0.1 ,umole of carbamyl aspartic acid).
The assay for dihydroorotase was carried out as described by Beckwith et al. (1) Protein determinations. The protein content of the extracts was determined by the Folin method (12) with bovine serum albumin (fraction V) as the standard.
Unless otherwise stated, all enzyme activities were measured at saturating substrate concentrations and under conditions such that the initial velocity of the reaction was being measured.
RESULTS
Establishment of the pyrimidine biosynthetic pathway in P. aeruginosa. A series of uracilrequiring mutants were isolated and tested for their ability to grow on intermediates of the pyrimidine biosynthetic pathway as established in E. coli (1) and Serratia marcescens (9 and Fig. 1 ). Each mutant was suspended in turn in an agar layer, crystals of the suspected intermediates were placed on sterile filter paper discs, and the plates were examined for zones of growth after 48 hr of incubation. In all cases, luxuriant growth was observed around uracil, but no growth responses to the possible intermediates of carbamyl phosphate, aspartic acid, carbamyl aspartate, dihydroorotic acid, orotic acid, or uridine 5' monophosphate were observed. To enhance the permeability of the cell to the acidic intermediates, the cells were also incubated in liquid medium at pH 5.0 with a concentration of 10-3 M of each of the intermediates; again, no growth was observed after 48 hr of incubation.
The lack of growth on suspected intermediates could be explained by either low permeability of the cell for the substances tested or by the fact To determine whether the pathway was the same as in E. coli and S. marcescens, cell-free extracts of the wild type grown in liquid MM were examined for activity of the suspected enzymes. Under the assay conditions described above, activity of the enzymes aspartic transcarbamylase, dihydroorotase, dihydroorotic acid dehydrogenase, and orotidine monophosphate pyrophosphorylase was demonstrated (Table 2) .
It thus appears that, although no positive identification of the enzyme orotidine monophosphate decarboxylase has been made (because of the unavailability of the substrate), it is reasonable to conclude that the pathway of uracil biosynthesis in P. aeruginosa is essentially the same as that of E. coli and S. marcescens.
To identify the particular enzyme deficiency in the uracil-requiring mutants isolated, assays for (Table 3) .
It had previously been shown, in an overall study of gene linkage relationship in biosynthetic pathways of P. aeruginosa (6) , that there is little clustering of genes controlling sequential biosynthetic steps, and in no case were all the genes controlling one pathway arranged contiguously.
We have carried out a similar analysis on the uracil-requiring mutants isolated for this study (strain 1, PAO 1, was used instead of strain 2, PAT 2, which was used in the previous work). We The distribution of genes in P. aeruginosa makes this somewhat haphazard method of mapping more likely to succeed, as the nonclustering of related pathways means that there are more potential sites for such transduction linkage than is the case with, e.g., E. coli, where clustering commonly occurs. This method has already been found to be successful for the location of a fluorophenylalanine-resistance marker site (21) .
More than 30 different auxotrophic mutants were used as acceptors, and linkage between two of these and one of the uracil sites has been shown (Table 5 ). With the aspartic transcarbamylase mutants (pyrB) PA0129 and PAO180, cotransduction is seen with the markers met-28 and ilv-2, already known to be cotransducible (17) . The data from Table 5 show that the order of these three markers must be pyrB met-28 ilv-2.
Attempts were made to map the remaining three pyr markers in P. aeruginosa by interrupted mating (V. A. Stanisich and B. W. Holloway, in press). All three markers have low frequencies of recombination in conjugation and all apparently enter late (after at least 70 min). Owing to the nature of this conjugation system, mapping of markers which enter as late as this is unreliable The results recorded in Table 6 differ from those demonstrated in E. coli by Beckwith et al. (1), who showed that growth in minimal medium containing 9 X 10-4 M uracil caused a sixfold decrease in the level of aspartic transcarbamylase, and twofold decreases in the levels of dihydroorotase, dihydroorotic acid dehydrogenase, orotidine monophosphate pyrophosphorylase, and orotidine monophosphate decarboxylase, when compared to growth in minimal medium alone. We repeated such experiments in our laboratory with E. coli K-12 strain AB259, with the same techniques for growing the cells, preparing the cell-free extract, and assaying the enzymes that we used for P. aeruginosa. We found decreases in enzyme levels similar to those reported by Beckwith et al. (1) . This indicates that, if a system of repression had occurred in P. aeruginosa similar to that known to occur in E. coli K-12, then it would have been demonstrable by the techniques used.
One possible complication in studies of this type in P. aeruginosa is that, in the present case, uracil is being degraded and used for growth purposes. We found that P. aeruginosa PAO1 can grow on a medium containing uracil at saturating concentrations (25 mM), but the lag period is greater than 48 hr and the generation time is about 6 hr. We thus consider that, in the experiments reported here on the pattern of enzyme control of uracil in P. aeruginosa, the degradation of uracil is unlikely to be a significant factor.
We can suggest three possible explanations for the inability to demonstrate repression: (i) uracil from the growth medium not being taken up into the cell; (ii) intracellular level of uracil in the wild-type cell grown in minimal medium is sufficient to effect repression of pyrimidine enzymes in absence of exogenous uracil, therefore, added uracil has no effect; (iii) repression is not a major mechanism of control for this organism in this pathway.
Uracil uptake. Pyr-mutants respond very well to added uracil, indicating that the cell is permeable to uracil, although it is possible that the level of uracil in the wild type may be too high for uracil uptake to occur. However, van de Putte (personal communication) has shown that the rate of uptake of 14C-uracil into wild-type cells of P. aeruginosa PAO1 is similar to that of E. coli K-12. 96, 1968 For these reasons, we have concluded that poor uracil uptake is not the reason for inability to demonstrate repression. Intracellular pyrimidine. There are several ways of limiting the intracellular level of pyrimidines. The intracellular level of uracil and uracil derivatives in a pyrimidine-requiring mutant must be very low or zero. According to the model of repression, if uracil or a derivative of uracil represses the formation of pyrimidine enzymes, then, in a uracil mutant, the system should be derepressed and the level of pyrimidine biosynthetic enzymes should rise when the external supply of uracil has been exhausted.
Activities of the various enzymes at different times after the external uracil supply has been exhausted were examined in three different pyrimidine-requiring mutants. Replicate cultures were grown in limiting uracil and were harvested at the same cell density (within 5%) at different times after exhaustion of uracil. Enzyme levels were compared with those of cells grown in excess uracil and harvested at the same cell density. Cells were always harvested at a cell density corresponding to mid-exponential phase of the strain when grown under nonlimiting conditions.
The results ( Table 7 ) clearly show that there is no derepression of enzyme synthesis under conditions of limiting uracil. This inability to demonstrate derepression invalidates any hypothesis which suggests that the endogenous repression is complete in wild-type cells, owing to high pool concentration of uracil, and thus addition of exogenous uracil is without effect.
It is possible that the failure to demonstrate derepression in the above experiments may be due to inability of the system to synthesize protein under the conditions used. This objection can be overcome by using a bradytrophic derivative of a uracil mutant which shows slow growth on minimal medium, and thus provides the equivalent of an "internal" chemostat in which uracil is the growth-limiting factor.
We isolated such bradytrophic mutants by ethyl methane sulphonate treatment (7) of PAOI 19, followed by plating on minimal medium and the isolation of slow-growing colonies.
In one such mutant, the generation time in minimal medium plus 10-3 M uracil was 55 min (the same as wild type in minimal medium), as compared to 140 min when grown in minimal medium without uracil. When the enzyme levels of such a bradytrophic mutant growing in minimal medium plus excess uracil were compared with the levels of the same strain growing in minimal medium, no difference was found, showing that even when growth, and hence protein synthesis, could take place, no derepression of uracil biosynthetic enzymes occurred.
Growth of the wild type in a substance which inhibits pyrimidine synthesis should result in low intracellular levels of uracil. 6-Azauracil is a uracil analogue and a competitive inhibitor of orotidine monophosphate decarboxylase (8) . By growing the wild type in a concentration of 6-azauracil By analogy with similar studies on E. coli K-12 (22) , gross effects on the levels of aspartic transcarbamylase would be anticipated if the first situation applied. The first two enzymes, aspartic transcarbamylase and dihydroorotase were studied under various conditions of growth with 6-azauracil ( Table 8) .
The generation time in minimal medium is about 55 min, so that incubating the cells in the presence of 6-azauracil for 2 hr allows ample time for at least one cell division to occur. The results shown in Table 8 indicate that there are no concomitant increases in the levels of the biosynthetic enzymes.
Control mechanisms other than repression.
Crawford and Gunsalus (3) have shown a different type of control mechanism for tryptophan biosynthesis in which the level of tryptophan synthetase in P. putida is controlled solely by induction, the inducer being indoleglycerolphosphate.
One way of investigating whether such a mechanism occurs in the uracil pathway of P. aeruginosa is to determine whether growth in the presence of 6-azauracil results in the accumulation of some substrates which could then induce one of the later enzymes; to do this, we looked at the levels of dihydroorotic acid dehydrogenase and orotidine monophosphate pyrophosphorylase. The results are shown in Table 9 , which includes data pooled from five separate experiments. Statistical analysis (t test) shows that for dihydroorotic acid dehydrogenase the level of significance is 2%, and for orotidine monophosphate pyrophosphorylase it is 0.1%, suggesting that the 40% rise in enzyme activity is a real effect and that partial induction of these enzymes occurs. No such effect was found for aspartic transcarbamylase or dihydroorotase (Table 8) . It thus seems possible that 6-azauracil (10-3M) . This had no effect on enzyme levels, but it is doubtful whether the cell is permeable to dihydroorotic acid, as no mutants respond to it. Another attempt was made by examining the enzyme levels of a mutant blocked in the dihydroorotic acid dehydrogenase step. This mutant would be expected to accumulate dihydroorotic acid, which may then induce orotidine monophosphate pyrophosphorylase. The activities of orotidine monophosphate pyrophosphorylase of mutant log phase cells in limiting and in excess uracil were 0.56 and 0.59 ,umoles per hr per mg of protein, respectively, which are not significantly different from the wild-type activity ( In view of the constitutivity of the pyrimidine biosynthetic enzymes, it would be expected that these other factors have considerable importance in determining the rate of synthesis of pyrimidines in P. aeruginosa. The substrates for aspartic transcarbamylase, the first enzyme unique to the pathway, namely L-aspartic acid and carbamyl phosphate, are both involved in other reactions in the cell. If they have a relatively low affinity for aspartic transcarbamylase, then the substrates are preferentially used in other biosyntheses, unless their concentration is sufficiently high to allow significant pyrimidine synthesis.
It is well known that many strains of Pseudomonas are able to adapt to growth on a large variety of carbon sources, and it seems that the ability to induce degradative enzymes to utilize the carbon source available is a general property of pseudomonads.
It is possible that this wide degradative ability may itself be related to the control of biosynthetic enzymes. It is plausible that, by acquiring the ability to use a variety of carbon and nitrogen sources, there may have been selection for gene arrangements and control mechanisms which are considerably different from that of the clustered operon arrangement common amongst enteric organisms.
